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FUNDAMENTALS OF HUMAN BIOMECHANICS I N  AN UNSUPPORTED 

S I TUAT I ON 

By V. I. Stephantsov and A. V. Yeremin 

(Academy of Sciences of t h e  USSR) 

ABS TRACT 

The au thors  d i scuss  the  problem of or -sn ta t -an  i n  
space by man through h i s  own e f f o r t s .  Rota t ion  of t h e  
body i n  weight lessness ,  t h e  e f f e c t  o f  moving one o r  
both arms and t h e  l e g s ,  and t h e  most e f f e c t i v e  methods 
of r o t a t i n g  i n  a suppor t l e s s  s i t u a t i o n  are among t h e  
s u b j e c t s  t r e a t e d .  Rotat ion wi th  t h e  he lp  of l e g s  w a s  
found t o  be most e f f e c t i v e .  On t h e  b a s i s  of t h e  re- 
s u l t s  presented  t h e  au thors  assert t h a t  a f t e r  s p e c i a l  
t r a i n i n g  a man i n  a suppor t l e s s  s i t u a t i o n  w i l l  be  a b l e  
t o  o r i e n t  himself qu ick ly  and accura t e ly  i n  any 
d i r e c t i o n  s o l e l y  by h i s  own muscular e f f o r t .  

One important problem i n  space  f l i g h t  i s  t h e  s tudy  of t h e  q u a l i t a t i v e  /1* 
and q u a n t i t a t i v e  a spec t s  of movements made by a man as h e  maneuvers i n  
space  under condi t ions  of weight lessness .  The absence of t h e  f o r c e  of 
g r a v i t y  w i l l  change g r e a t l y  m a n ' s  coord ina t ion  and t h e  n a t u r e  of h i s  
movements i n t e r a c t i n g  wi th  t h e  bodies  and o b j e c t s  around him, w i l l  
r e q u i r e  h i m  t o  modify t h e  motor a c t i v i t y  t o  which he  i s  accustomed, and 
w i l l  r e q u i r e  him t o  r e d i s t r i b u t e  h i s  muscular e f f o r t .  Even g r e a t e r  
changes w i l l  have t o  be  made i n  h i s  motor a c t i v i t y  when he i s  i n  a 
s u p p o r t l e s s  s i t u a t i o n  and has  no i n t e r a c t i o n  wi th  e x t e r n a l  fo rces .  
t h e  p o i n t  of view of mechanics, i n  t h i s  case, a man w i l l  be a c losed  system. 

From 

-_ . -  

Studying t h e  n a t u r e  of movements made by a man i n  a suppor t l e s s  s i t u a t i o n  
is of g r e a t  i n t e r e s t  i n  space  f l i g h t  and is  one of t h e  lead ing  problems of 
biomechanics being s tud ied  a t  t h e  present  t i m e .  

~ 
~~ ~ 

~ 

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  problem of o r i e n t a t i o n  i n  space by man 
through h i s  own e f f o r t s .  This ar t ic le  is  devoted t o  t h i s  problem. 

A f t e r  t h e  b a s i c  research  done by V. L. Kirpichev (1907), t h e  arguments 

*Numbers given i n  t h e  margin i n d i c a t e  t h e  pagina t ion  i n  t h e  o r i g i n a l  f o r e i g n  
text .  
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about t h e  p o s s i b i l i t y  of t u rn ing  i n  a suppor t l e s s  s i t u a t i o n  ceased. V. L. 
Kirpichev showed convincingly t h a t  t he  r o t a t i o n  of a man o r  an animal i n  
suppor t l e s s  space  around t h e  body's cen te r  of mass no t  only d i d  no t  contra-  
d i c t  t h e  l a w  of conserva t ion  of momentum (law of conserva t ion  of area), bu t  
q u i t e  poss ib ly  w a s  i n  complete agreement wi th  t h i s  l a w  of mechanics. H e  /2 
suggested t h a t  a man would be a b l e  t o  r o t a t e  around t h e  l o n g i t u d i n a l  a x i s  
of h i s  body by c o n i c a l  movements of one arm over  h i s  head. 

Based on t h e s e  p r i n c i p l e s  another  Sovie t  s c i e n t i s t ,  R. Po l '  (1930), 
recommended another  method of arm movements t o  enable  a m a n  t o  r o t a t e  around 
t h e  body's l o n g i t u d i n a l  a x i s .  

It is  obvious t h a t  i t  is  poss ib l e  t o  use  t h e  movement of no t  only one 
arm b u t  bo th  of them and a l s o  o t h e r  p a r t s  of t h e  body, f o r  example, t h e  l e g s .  
I n  t h i s  case, i t  i s  p o s s i b l e  t o  r o t a t e  n o t  only wi th  r e s p e c t  t o  t h e  l o n g i t u d i n a l  
axis of t h e  body b u t  a l s o  wi th  r e spec t  t o  o t h e r  axes ,  t h e  t r a n s v e r s e  and t h e  
s a g i t t a l .  V. L. Kirpichev and R. Po l '  o f f e r e d  only a q u a l i t a t i v e ,  t h e o r e t i c a l  
answer t o  t h i s  problem. 

In  o r d e r  t o  select  t h e  most e f f e c t i v e  methods of r o t a t i n g  i n  a support-  
less cond i t ion  and t o  g ive  s u i t a b l e  recommendations f o r  t h e i r  performance, 
i t  i s  necessary  f i r s t  of a l l  t o  have a q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  i n t e r -  
a c t i o n  of  s e p a r a t e  p a r t s  ( l i n k s )  of t he  human body. Moreover, i n  planning 
t h e  main and a u x i l i a r y  movements i t  i s  necessary t o  b e a r  i n  mind t h e  anatomi- 
ca l -phys io logica l  c h a c t e r i s t i c s  of man. 

W e  have c a l c u l a t e d  t h e  moments of i n e r t i a  of a human body and i t s  sepa  
rate p a r t s  ( l i n k s )  according t o  Shteyner 's  theorem, us ing  t h e  formula: 

I, = I + m a L ,  
C 

where Io is t h e  moment of i n e r t i a  of  the  body ( l i n k )  w i th  r e spec t  t o  t h e  0 
a x i s ;  IC i s  t h e  moment of  i n e r t i a  wi th  r e spec t  t o  t h e  a x i s  pass ing  through 
t h e  c e n t e r  of g r a v i t y  of t h e  body ( l i n k ) ;  m is  t h e  m a s s  of t h e  body ( l i n k ) ;  
and a is  t h e  d i s t a n c e  from the  c e n t e r  of g r a v i t y  t o  t h e  0 a x i s .  

I n  t u r n ,  t h e  moment of i n e r t i a ,  with r e spec t  t o  t h e  a x i s  pass ing  through 
t h e  c e n t e r  of g r a v i t y  of t h e  body ( l i n k ) ,  w a s  determined from d a t a  due t o  
Brown and F i s h e r  us ing  t h e  formula: 

IC = m.0.091 2 , 

where 1 i s  t h e  l eng th  of t h e  body ( l i n k ) .  The t h e o r e t i c a l  c a l c u l a t i o n s  were 
checked i n  experiments wi th  t h e  p a r t i c i p a t i o n  of s p e c i a l l y  t r a i n e d  s u b j e c t s .  
The experiments  were conducted using a h o r i z o n t a l  r o t a t i n g  p la t form ( a  
Zhukovskiy s t and)  and a toss-up n e t  which made i t  p o s s i b l e  t o  create a 
c o n d i t i o n  of weight lessness  f o r  a per iod of 1 .0-4.5 sec. A s  a f i n a l  s t e p  
t h e  s u b j e c t s  were t e s t e d  under condi t ions  of weight lessness  i n  an a i r c r a f t  
f l y i n g  a long  a Kepler parabola .  The movement of each man w a s  recorded using 
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cinecyclograms taken a t  a rate of 24 and 90 frames/sec.  
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By t h e o r e t i c a l  c a l c u l a t i o n s  and experimental  t e s t i n g ,  t h e  moments of 
i n e r t i a  of t h e  body and i t s  separate p a r t s  ( l i n k s )  w i th  r e spec t  t o  t h e  
var ious  l i n k s  f o r  a man 168 - 172 cm t a l l  and 70 - 75 kg i n  weight (see t a b l e  
and ske tch)  were determined. 
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TABLE - / 3  ~ 

Moments of I n e r t i a  of a Body and I ts  P a r t s  

-Parts of 
Body - . *  

Body he ld  erect 
Head, t runk  and a r m s  

Arm held  s t r a i g h t  

Leg he ld  s t r a i g h t  
Legs spread t o  s i d e s  01 
one i n  f r o n t  of t h e  
o t h e r  t o  form .angle  o f :  

60: - 70. 
120 -'140" 

Erect body less arms 

Bent body less arms 

Body less one a r m  . 

Legs bent  t o  form "angl 
- - -- 

Moments of I n e r t i a  i n  kg-m2 wi th  
Respect to  Axes 

V '  

1,2- 1.4 
0s - 0,ss 

; . _  . .  
. .  

. . . . .  .' ' 
. .  

r6'- 3.3 
a9 - 44 .. * , . ' .  
.... ;, 
I ,:.'.. 
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!ra,e - 4*4 
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17.0 - 18,O 
&a - 4.4 
. . .  
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3.8 -- i-4 

E s t a b l i s h i n g  t h e s e  va lues  made i t  p o s s i b l e  t o  compute moments of i n e r t i a  
of v a r i o u s  p a r t s  of t h e  body wi th  respec t  t o  t h e  d i f f e r e n t  axes and then  t o  
e v a l u a t e ,  se lect ,  and g ive  a j u s t i f i c a t i o n  f o r  t h e  most adv i sab le  methods of 
t u rn ing .  Ease i n  performing t h e  movements w a s  taken i n t o  cons idera t ion .  For 
example, i n  o rde r  t o  r o t a t e  about t h e  long i tud ina l  a x i s  ( i n  course)  through 
180°,  u s ing  t h e  method of V.  L. Kirpichev and R. P o l ' ,  i t  is  necessary  t o  make 
5 - 6 c o n i c a l  arm movements. In  t h i s  event ,  t h e  body w i l l  r o t a t e  no t  only 
about  t h e  "Y - Y" a x i s  bu t  a l s o  about the  o t h e r  axes. 
p r e f e r a b l e  t o  u t i l i z e  t h e  movement of both arms i n  a p lane  perpendicular  t o  
t h e  a x i s  of r o t a t i o n .  

I n  our  opin ion ,  i t  i s  

One such movement r o t a t e s  t h e  body through 60". I n  

3 



prepar ing  f o r  a second cyc le  t h e  arms are p laced  i n  t h e  i n i t i a l  p o s i t i o n ,  
pass ing  through a p lane  p a r a l l e l  t o  t h e  a x i s  of r o t a t i o n .  
s i d e  movement of t h e  body i s  kept  t o  a minimum. 

I n  t h i s  case, t h e  

. .  . .  

Schematic drawing of man's body and axes of r o t a t i o n .  - 14 

Rota t ion  wi th  t h e  he lp  of t he  l e g s  w a s  found t o  b e  most e f f e c t i v e .  The 
i n i t i a l  p o s i t i o n  w a s  wi th  one f o o t  placed f a r  t o  t h e  f r o n t  of t h e  o t h e r  o r  
w i t h  t h e  l e g s  spread  t o  t h e  s i d e s .  Depending on t h e  p o s i t i o n  of t h e  l e g s ,  
i t  i s  p o s s i b l e  i n  one cyc le  t o  r o t a t e  around t h e  l o n g i t u d i n a l  axis through an  
ang le  of 160" o r  90" s i n c e  t h e  moment of i n e r t i a  of t h e  l e g s  wi th  r e s p e c t  t o  
t h e  "Y-Y" a x i s  is 7-8 t i m e s  g r e a t e r  than t h e  moment of i n e r t i a  of t h e  re- 
mainder of t h e  body. 

Ro ta t ions  around t h e  transverse ( i n  p i t c h )  o r  t h e  s a g i t t a l  ( i n  bank) 
axes  can  b e s t  be executed using a c i r c u l a r  movement of both arms i n  a s a g i t -  
t a l  p l a n e  ( i n  t h e  f i r s t  c a s e ) ,  o r  of one arm i n  a f r o n t a l  p lane  w i t h  t h e  
body b e n t  double.  
by us ing  o b j e c t s  t i e d  t o  them ( instruments  and s o  on) inc reases  t h e  e f f e c t i v e -  
n e s s  of r o t a t i n g .  

Na tu ra l ly ,  i nc reas ing  t h e  moment of i n e r t i a  of t h e  arms 

The r e s u l t s  which have been presented  h e r e  g ive  grounds t o  assert t h a t  
a f t e r  s p e c i a l  t r a i n i n g  a man w i l l  be  a b l e ,  when i n  an unsupported situation 
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t o  o r i e n t  himself r ap id ly  and p r e c i s e l y  i n  any d i r e c t i o n  s o l e l y  by h i s  own 
muscular e f f o r t  wi thout  r e s o r t i n g  t o  h i s  equipment. 

Mastering va r ious  methods of o r i e n t a t i o n  i n  a s u p p o r t l e s s  s i t u a t i o n  
should begin wi th  t h e  execut ion  of d i f f e r e n t  elements of t h e  methods on 
a r o t a t i n g  h o r i z o n t a l  p la t form (a Zhukovskiy s t a n d ) .  
s t e r e o t y p e ,  cons t an t ly  making movement more complex, can be  accomplished by 
performing e x e r c i s e s  on r o l l i n g ,  toss-up, o r  o t h e r  s p e c i a l  s t ands .  Great 
a i d  i n  l e a r n i n g  t o  c o n t r o l  one 's  body during f r e e  f l i g h t  can be der ived  from 
a c r o b a t i c s  and e s p e c i a l l y  by jumping from a tower i n t o  t h e  w a t e r .  
as an e s s e n t i a l  s t e p  i n  t h e  t r a i n i n g ,  a i r c r a f t  f l i g h t s  should be taken along 
a parabola  of weight lessness ,  during which movement is  p r a c t i c e d  whi le  carry-  
i ng  s t anda rd  equipment. 
va r ious  ope ra t ions  whi le  us ing  t h e  necessary t o o l s .  

Learning a new motor 

F i n a l l y ,  

During these  f l i g h t s  i t  i s  adv i sab le  t o  s imula t e  
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